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Ontogeny of aromatic L-amino acid decarboxylase-containing tubule
cells in rat kidney. Dopamine plays an important role in regulation of
renal sodium transport. Proximal tubule cells produce dopamine after
decarboxylation of L-DOPA via the enzyme aromatic L-amino acid
decarboxylase (AADC). The presence and cellular localization of
AADC-like immunoreactivity (-LI) and AADC mRNA were examined
during pre- and postnatal development in rat kidney by indirect immu-
nofluorescence and in situ hybridization histochemistry. Few scattered
condensations of AADC-immunoreactive (-IR) tubule cells forming a
lumen were detected on gestational day 18. From gestational day 21,
many AADC-IR tubule cells were observed in the inner cortex, whereas
the outer cortex lacked AADC-LI. Within 24 hours of birth, AADC-IR
cells in the inner cortex could be identified as proximal tubule cells.
During day 3 and 5 there was an increase in number of AADC-IR
proximal tubule cells in the inner cortex, leaving less amount of
AADC-negative cells in the outer cortex. Starting from day 8,
AADC-IR cells could be seen in the outer cortex. An apparent decrease
in AADC-immunofluorescence intensity was observed at 40 days, and
at 80 days virtually no AADC-LI could be demonstrated. Intrarenal
levels of dopamine showed a tendency to increase between 3 and 20
days, and showed significant decreases between 20 to 40 days and
between 40 to 80 days. AADC mRNA was not detected in the kidney at
18 hours afterbirth, but could be observed in the inner cortex at 6 days.
At 12, 19 and 40 days AADC mRNA was seen in the entire cortex. The
results indicate that dopamine can be formed prenatally in the proximal
tubules of the rat kidney and that the levels of dopamine increase
postnatally to reach a peak at one month.
Dopamine, originally described as a neurotransmitter in the
central nervous system, also has many important functions in
peripheral tissues. In the kidney, dopamine is synthesized
locally, representing the main source of urinary dopamine [1,
21. The dopamine-synthesizing enzyme aromatic L-amino acid
decarboxylase (AADC) has been identified in proximal tubule
cells in the kidney by immunohistochemistry [3—5] and by
biochemical methods 161. Since proximal tubule cells lack
immunoreactive tyrosine hydroxylase [51, it is generally be-
lieved that L-DOPA necessary for dopamine production is
supplied to the proximal tubule cells from the filtrate [2, 71.
Locally produced dopamine promotes natriuresis and inhibits
the activity of renal tubule Na,K-ATPase, the enzyme that
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yields energy to most transtubular transport processes and uses
80% of the oxygen consumed by the kidney [8].
The kidney undergoes profound structural, biochemical and
functional changes during infancy [91. Since dopamine plays
such an important role for the function of the kidney, and since
reports indicate that dopamine might also play a role for tissue
differentiation, we have studied the distribution of AADC in the
fetal, infant, adolescent and adult kidney. We show that,
throughout development, AADC is synthesized and present in
proximal tubule cells, and that the expression of AADC peaks
during adolescence.
Methods
Immunohistochemistry
Pregnant Sprague-Dawley rats (ALAB, Sollentuna, Sweden)
were anaesthetized with mactin (80 mg/kg i.p.; Byk-Gulden,
Constanze, Germany) and the kidneys from fetuses (gestational
day 18; N = 3 and 21; N = 3), neonatal litter (within 24 hours
of birth; N = 3) and from rats at the age of 3, 5 and 8 days (N
= 3) were removed and immediately fixed by immersion in an
ice-cold mixture of formalin-picric acid mixture (4% paraform-
aldehyde and 0.4% picric acid in 0.16 M phosphate buffer, pH
6.9 [10] for three to four hours. Rats at the age of 15, 20, 40 and
80 days (N = 3) were retrogradely perfused via the descending
aorta with Ca2-free Tyrode's solution followed by ice-cold
fixative (as above). Tissue was rinsed for at least 24 hours in a
0.1 M phosphate buffer (pH 7.4) containing 10% sucrose, 0.02%
bacitracin (Sigma Chemical Co., St. Louis, Missouri, USA) and
0.01% sodium azide (Merck, Darmstadt, Germany). Sections
were cut at 14 m thickness in a cryostat (Dittes, Heidelberg,
Germany) and processed for indirect immunofluorescence [11].
Kidneys obtained from pre- and postnatal animals were proc-
essed for immunohistochemistry in the same experiment to
eliminate variations in fluorescence intensity. Briefly, the sec-
tions were incubated with rabbit antiserum to bovine AADC
(diluted 1:800) [12, 13] for 24 hours at 4°C, rinsed in phosphate-
buffered saline (PBS), and incubated for 30 minutes at 37°C with
fluorescein isothiocyanate (FITC)-conjugated goat anti-rabbit
secondary antibodies (Boehringer Mannheim Scandinavia,
Stockholm, Sweden), and rinsed again in PBS. For control
purpose, sections were incubated with normal rabbit serum.
The sections were finally mounted in a mixture of glycerol and
PBS (3:1) containing p-phenylenediamine to reduce fading of
immunofluorescence [14, 15], and were examined in a Nikon
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Fig. 1. Immunofluorescence
photomicro graphs of sections of the rat
kidney at gestational day 18 (a,b), 21(c) and
within 24 hours of birth (d) after incubation
with antiserum to AADC. At gestational day
18, a scattered condensation of AADC-IR
tubule cells is seen in the subcortical part of
the kidney, The condensate consists of cells
polarized to form a lumen with the
immunoreactivity localized to the cytoplasm
(a; see higher magnification in b). At
gestational day 21, many AADC-IR cells are
present in the inner cortex, appearing as
proximal tubule cells, whereas the outer
cortex is lacking AADC-LI (c). Within 24
hours of birth, AADC-IR cells are located to
the inner cortex with AADC-negative cortical
rays intermingling between the AADC-IR
proximal tubule cells (d). Bars = 100 m.
Microphot-FX epifluorescence microscope equipped with filter
combinations for FITC-induced fluorescence (450 to 490 nm
excitation filter, 520 to 560 nm barrier filter and 520 to 550 nm
extra barrier filter). Tri-X (Kodak, Rochester, New York, USA)
black-and-white film was used for photography.
In situ hybridization
Rat kidneys (age 18 hours after birth, 6, 12, 19 and 40 days
postpartum) were dissected out (operation time less than two
mm), frozen on dry ice and then mounted and frozen in 10%
sucrose, sectioned at 10 tm in a cryostat (Dittes) and thawed
onto pre-cleaned ProbeOn Microscope Slides (Fisher Biotech,
Pittsburgh, Pennsylvania, USA). A 38-mer oligonucleotide
probe was synthesized on a DNA synthesizer (Applied Biosys-
tems, Foster City, California, USA) complementary to nucleo-
tides 190-227 of rat AADC mRNA [16]. Following synthesis the
probe was purified with oligonucleotide purification cartridges
(Applied Biosystems). The oligonucleotide probe was labelled
with 35S-dATP (NEN, Boston, Massachusetts, USA) at the
3'-end using terminal deoxynucleotidyl transferase (IBI, New
Haven, Connecticut, USA) and finally purified using Nensorb
20 columns (NEN). In situ hybridization was performed essen-
tially as described [17, 18]. In brief, the slides were incubated
for 16 hours at 42°C with 106 cpm of the labeled probe in a
cocktail containing 50% formamide (Baker Chemicals, Deven-
ter, Holland), SSC in 4 x SSC concentration (1 x SSC = 0.15
Meister et a!: Ontogeny of AADC in rat kidney 619
Fig. 2. Immunofluorescence
photomicrographs of sections of the rat
kidney from postnatal day 3 (a), 5 (b), 8 (c)
and 15 (d) after incubation with antiserum to
AADC. At 3 days, an increase in number of
AADC-IR cortical tubules is observed, leaving
less amount of AADC-negative cells in the
outer cortex (a). At 5 days, high number of
AADC-IR proximal tubule cells are
distributed in the inner cortex (b). At 8 days,
AADC-IR cells are in addition detected in the
outer cortex (c). At 15 days, AADC-IR
proximal tubule cells are distributed in the
entire outer cortex and no AADC-IR cells are
observed in the medulla (d). Bars = 100 j.m.
For control purpose, semi-adjacent sections were hybridized
with oligonucleotide probes to calcitonin gene-related peptide
(CGRP), substance P, DARPP-32 and dopamine Di-receptor
having the same GC-content, specific activity and similar length
as the AADC probe.
Catecholamine tissue determination
Renal cortical tissue (wet weight range 0.18 to 0.68 g) from
rats at postnatal age 3, 20, 40 and 80 days was dissected out and
frozen immediately. At day of analysis, 1 ml cold 0.4 M
M NaCl, 0.015 M sodium-citrate), 1 x Denhardt's solution LX 24 for two minutes and fixed for 15 minutes with Kodak AL
[0.02% bovine serum albumin, 0.02% Ficoll (Pharmacia, Upp- 4.
sala, Sweden), 0.02% polyvinylpyrolidone], 0.02 M NaPO4 (pH
7.0), 10% Dextran sulphate (pH 7.0) (Pharmacia), 250 mg/mI
yeast tRNA (Sigma), 500 mg/mI salmon sperm DNA (Sigma)
and 200 mi dithiothreitol (LKB, Stockholm, Sweden). After
hybridization (16 h), the sections were rinsed in 1 x SSC at 55°C
for 15 minutes with four changes of SSC and for 60 minutes at
room temperature, transferred through distilled water, 60% and
95% ethanol (two minutes each) and covered with Hyperfilm-
/3max X-ray film (Amersham, Amersham, Ltd., UK) at —20°C.
After 45 days of exposure, the film was developed with Kodak
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Catecholamines were subsequently adsorbed onto alumina at
pH 8.6 and eluted in 0.1 M PCA using dihydroxybenzylamine as
internal standard. Recoveries ranged from 60 to 70%, and final
values were corrected for recovery [19]. Dopamine in the elute
was analyzed using reverse-phase HPLC with electrochemical
detection as described [20, 211 using a BAS LC-4B detector and
a BAS PM-48 pump. Kruskal-Wallis test was used for statistical
analysis, and P <0.05 was considered significant.
Results
Immunohistochemistry
The kidneys followed a development as described by Potter
[22]. Few scattered condensations of AADC-immunoreactive
(-IR) tubule cells were detected on gestational day 18 in the
subcortical part of the kidney showing luminal openings (Fig.
la,b). At gestational day 21, many AADC-IR cells were present
in the inner cortex appearing as proximal tubule cells (Fig. lc).
No AADC-positive structures were present in the outer cortex
(Fig. lc). Within 24 hours of birth, the AADC-IR cells were
localized to the inner cortex with AADC-negative cortical rays,
consisting of loop of Henle and collecting tubules, intermingling
between AADC-IR cells (Fig. Id). At this stage it was evident
that AADC-like immunoreactivity (-LI) was localized to the
proximal tubule (Fig. ld). S-shaped bodies and ureteral buds in
the outer cortex were negative for AADC-LI. During postnatal
day 3 (Fig. 2a) and 5 (Fig. 2b), there was an increase in number
of cortical tubules with lower numbers of AADC-negative cells
in the outer cortex. At day 8, AADC-LI was seen in the outer
cortex (Fig. 2c). From day 15, AADC-IR proximal tubule cells
were distributed in the entire cortex, and no AADC-IR cells
were observed in the medulla (Fig. 2d). During days 20 (Fig. 3a)
and 40 (Fig. 3b) similar patterns of arrangements of AADC-IR
were seen, however, the AADC-LI was weaker in 40-day old
animals (Fig. 3b), and at 80 days virtually no AADC-LI could be
detected (not illustrated). The decrease in AADC-LI 40- and
80-day-old animals was consistent in all sections investigated (5
slides per animal were examined).
Normal rabbit serum did not reveal any immunofluorescent
structures in the kidney (not shown).
In Situ hybridization
No AADC mRNA was detected at 18 hours after birth (Fig.
4A). AADC mRNA was seen in the inner cortex at six days
(Fig. 4B). At 12, 19 and 40 days, AADC mRNA was observed
in the entire cortex (Fig. 4C,D,E).
Control probes to CGRP and substance P did not show any
labelling in the kidney, whereas probes to DARPP-32 and
dopamine Dl-receptor showed labelling in the thick ascending
limb of loop of Henle (not shown).
Intrarenal catecholamine levels
Fig. 3. Immunofluorescence photomicrographs of sections of the rat
kidney at 20 (a) and 40 days (bY) postnatallv after incubation with
antiserum to AADC. At 20 days, cells containing strong AADC-LI are
seen in the entire cortex (a). At 40 days, weak AADC-immunoreactivity
is seen in proximal tubule cells in the cortex (b). Bars = 100 m.
perchloric acid was added to each frozen sample, and the tissue
was immediately sonicated for 30 to 45 seconds on ice using a
Microson sonicator (Heat Systems Inc., Farmingdale, USA).
A tendency towards an increase in intrarenal dopamine levels
was observed between 3 to 20 days, whereas significant de-
creases in dopamine content was demonstrated between 20 to
40 days and between 40 to 80 days (Fig. 5).
A significant increase in noradrenaline levels was observed
between 3 and 20 days, whereas a significant decrease was
detected between 20 and 40 days (Fig. 6). Levels of noradren-
aline showed no significant change between 40 and 80 days (Fig.
6).
Fig. 4. X-ray autoradiograrns of rat kidneys at the postnatal age of
18 hours (A). 6(8), /2(C), /9(D) and 40 days (E after hybridization
with an oligonucleotide probe completnentarv to rat AADC. AADC
mRNA is not detected at IS hours after birth, but at 6 days labelling
is observed in the inner cortex (B). From 12, through 19 and 40 days.
AAIJC mRNA is located in both the inner and outer cortex (C—E).
Bars = 2mm.
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Fig. 5. Dopamine content in rat renal cortex. On the X-axis, age of rats
(3, 20, 40 and 80 days). On the Y-axis, dopamine content is expressed
as pmol/gram wet weight SEM (N = 3). Comparison of 3 with 20 days
= non-significant. Comparison of all other ages shows significant
changes in dopamine content of P < 0.05 using Kruskal-Wallis test.
Discussion
The present results obtained with immunohistochemistry and
in situ hybridization show overlapping patterns of distribution
of AADC-LI and AADC mRNA in renal cortical tubules during
development. Whereas AADC-LI already could be detected in
a few tubule cells on prenatal day 18, AADC mRNA was first
demonstrated on postnatal day 6. This discrepancy is most
likely related to the fact that the in situ hybridization histochem-
ical technique in this case has a lower sensitivity as compared to
immunohistochemistry. In the present study relatively long
exposure times (45 days) were necessary in order to visualize
AADC mRNA in the kidney, indicating low sensitivity of the
probe or low levels of mRNA. The results obtained with in situ
hybridization adds further evidence to the occurrence of local
dopamine synthesis in the proximal tubule cells and also show
a maturation gradient (see below).
The expression of AADC in the proximal tubule cells appears
to increase when the cells are approaching terminal differenti-
ation, since there was a typical maturation gradient in the
distribution of AADC in the renal cortex. Thus, until the age of
5 days, AADC was only expressed in the inner cortex, and
AADC could not be detected in mesenchymal cells or S-shaped
bodies, or in the newly formed proximal tubule cells of the outer
cortex. At day 8, when nephrogenesis is completed and most
proximal tubule cells should have entered full maturity, the
distribution of AADC was still not uniform in the outer cortex.
The tendency towards an increase in dopamine levels seen
between 3 to 20 days was paralleled by increase in number of
AADC-containing tubule cells, without obvious changes in
fluorescence intensity. In the 40-day-old rats we observed an
apparent decline in AADC-LI of the renal proximal tubular
cells, which was paralleled by a significant decrease in renal
cortical dopamine content. The high expression of the dopa-
mine synthesizing enzyme in weanling, 15- to 20-day-old rats
appears to be of physiological significance. The dopamine
content of the renal cortex was highest at that age. This finding
accords well with some clinical observations. In humans, where
Age, days
Fig. 6. Noradrenaline content in rat renal cortex. On the X-axis, age of
rats (3, 20, 40 and 80 days). On the Y-axis, noradrenaline content is
expressed as pmol/gram wet weight SEM (N = 3). Comparison of 40
with 80 days = non-significant. Comparison of all other ages shows
significant changes in noradrenaline content of P < 0.05 using Kruskal-
Wallis test.
the kidney is more immature at birth than in the rat, urinary
dopamine excretion is very high in the newborn period [23].
The results from this study indicate that the poor natriuretic
capacity of the infant kidney cannot be attributed to late
development of the dopamine synthesizing enzyme. It is de-
bated whether the sensitivity to dopamine is lower in the infant
than in the adult kidney. Dopamine, which is widely used in
neonatal intensive care wards, will markedly increase fractional
Na excretion in preterm infants [24]. In newborn rabbits,
dopamine as well as the dopamine agonist, dopexamine, will
significantly increase urinary sodium excretion without affect-
ing the glomerular filtration rate [25], The natriuretic effects of
dopamine have, however, not been compared in infant and
adult humans or rabbits. In young puppies, the natriuretic
response to dopamine is less pronounced than in the adult dog
[26]. The stimulatory response of the DA1 agonist fenoldopam
on adenylate cyclase activity in the proximal convoluted tubule
is less pronounced in the infant than in the adult rat [271. The
inhibitory effect of dopamine on Na ,K-ATPase activity
increases with age in the proximal tubule [281. If dopamine
sensitivity increases with increasing age, tissue dopamine con-
centrations need not be so high in the mature kidney. In line
with this assumption, we did observe an apparent decline in
AADC of the renal proximal tubular cells, which was paralleled
by a significant decrease in renal cortical dopamine content in
the adult rats.
Dopamine has been shown to enhanced the differentiation of
cardiac cells [29]. In other cell types, dopamine transport has
been shown to enhance the transcriptional effect of steroid
hormones [30]. No AADC was observed in the ureteral bud,
which acts as an inducer for the renal mesenchymal cells. This
might indicate that locally produced dopamine does not play a
major role for the commitment and early differentiation of renal
epithelial cells. The role of dopamine for the late differentiation
of renal tubular cells remains to be elucidated.
Dopamine synthesized in proximal tubule cells from filtered
L-DOPA plays an important role in the regulation of renal
sodium excretion on tubular sodium by autocrine and paracrine
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effects on tubular sodium transporters. The amount of dopa-
mine that is present in the proximal tubular cells and is available
for the delivery to more distal tubular segments may be regu-
lated by several factors. Such factors that should be considered
include the filtered supply of L-DOPA and transport of
L-DOPA into the proximal tubule cells, the levels and activity
of AADC and the levels and activity of the dopamine deami-
nating enzymes monoaminooxidase A and B.
The filtration from the S-shaped body starts at approximately
the same time as the nephron develops. Glomerular filtration
rate continues to increase at least until the rats have reached the
age of 40 days. During this time there is also an increase in the
proximal tubular reabsorption of solutes and water along with
an increase of both the apical and basolateral area of the
proximal tubular cells. The most pronounced increase in the
appearance of AADC-LI and number of AADC-containing cells
was observed between 5 and 15 days of age, and will thus
coincide with the early increase in nephron filtration rate.
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